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Althoughmany aspects of optic pathway development are beginning
to be understood, the mechanisms promoting the growth of retinal
ganglion cell (RGC) axons toward visual targets remain largely
unknown. Down syndrome cell adhesion molecule (Dscam) is
expressed by mouse RGCs shortly after they differentiate at embry-
onic day 12 and is essential for multiple aspects of postnatal visual
system development. Here we show that Dscam is also required dur-
ing embryonic development for the fasciculation and growth of RGC
axons. Dscam is expressed along the developing optic pathway in a
pattern consistent with a role in regulating RGC axon outgrowth. In
mice carrying spontaneous mutations in Dscam (Dscamdel17; Dscam2J),
RGC axons pathfind normally, but growth from the chiasm toward
their targets is impaired, resulting in a delay in RGC axons reaching
the dorsal thalamus comparedwith that seen in wild-type littermates.
Conversely, Dscam gain of function results in exuberant growth into
the dorsal thalamus. The growth of ipsilaterally projecting axons is
particularly affected. Axon organization in the optic chiasm and tract
and RGC growth cone morphologies are also altered in Dscam mu-
tants. In vitro DSCAM promotes RGC axon growth and fasciculation,
and can act independently of cell contact. In vitro and in situ DSCAM
is required both in the RGC axons and in their environment for the
promotion of axon outgrowth, consistent with a homotypic mode of
action. These findings identify DSCAM as a permissive signal that
promotes the growth and fasciculation of RGC axons, controlling
the timing of when RGC axons reach their targets.
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The developing vertebrate visual system has proven to be oneof the most informative model systems for studying axon growth
and guidance decision (1). In mice, retinal ganglion cell (RGC)
axons grow into the brain from embryonic day (E) 12.5, although
mapping within visual targets is not complete until postnatal stages
(1). Molecules have been identified that are important for multiple
aspects of RGC axon growth and pathfinding, including guidance
out of the eye, constraining the general path followed by RGC
axons and midline routing at the optic chiasm underlying the es-
tablishment of stereovision (1); however, the majority of these
molecules induce inhibitory responses in RGC axons. Much less is
known about the growth-promoting mechanisms that drive RGC
axon extension.
Down syndrome cell adhesion molecule 1 (Dscam1) is a
homophilic adhesion molecule essential for multiple aspects of
neural circuit formation in Drosophila, including axon growth,
fasciculation, and pathfinding; dendritic field organization; and
synaptic specificity and targeting (2, 3). Although vertebrateDscam
lacks the extensive alternative splicing of fly Dscam1, it is required
for many of the same developmental processes, including dendritic
arborization and synaptic lamination and refinement (4).
Dscam is expressed by mouse RGCs from E12.5 (5) and,
through regulation of cell death and homophilic antiadhesive in-
teractions, controls the mosaic spacing and dendritic arborization
of RGCs in the postnatal retina (5–7). However, the expression of
Dscam in RGCs from early embryonic stages raises the possibility
that DSCAMmay facilitate additional aspects of RGC development,
such as controlling axon outgrowth. In support of this idea,
DSCAM has been implicated as a receptor for the guidance cue
netrin-1 (8, 9), a key factor in controlling the growth of RGC
axons out of the eye (10); however, in mice lacking Dscam,
netrin-dependent guidance of spinal commissural axons occurs
normally, arguing against a critical role for DSCAM in axon
patterning in vivo (11).
Using two different Dscam mutant alleles and mice over-
expressing Dscam (7), we have found that DSCAM is not essential
for the netrin-dependent process of exiting the eye but is
expressed along the developing optic pathway, promoting axon
fasciculation and providing growth-promoting interactions that
help drive RGC axon growth toward visual targets.
Results and Discussion
Dscam Is Expressed Along the Developing Optic Pathway. From E12.5
through to postnatal ages Dscam is expressed strongly by most, if
not all, RGCs (5). Double immunofluorescent staining of cultured
P0 retinal ganglion cells with antibodies validated previously
against DSCAM (12–14) and neurofilament confirmed that
DSCAM localized to retinal axons, with expression concentrated
at the growth cone (Fig. 1A, white arrowhead). Dscam is also
expressed along the developing optic pathway (Figs. 1B and Fig.
S1). At E12.5, Dscam was expressed around the region where the
optic nerves join with the brain, posterior to the developing
optic chiasm and bordering the presumptive optic tracts (Fig.
1B). As development proceeded, the level of Dscam increased,
and by E17.5, expression was present throughout the ventral
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diencephalon (Fig. S1). In contrast, expression of the related gene,
Dscaml1 (15), was not detected in the embryonic retina (5) or
along the developing optic pathway (Fig. S1).
DSCAM Is Not Essential for the Guidance of RGC Axons Out of the Eye.
Because DSCAM has been implicated as a receptor for netrin-1
(8, 9), a key factor controlling the growth of RGC axons out of the
eye (10), we analyzed RGC axon patterning in retinas of E15.5
and E17.5 mice carrying a spontaneous mutation in Dscam
(Dscamdel17) (16). Homozygous Dscamdel17 mice display a 70%
reduction inDscammRNA levels (16) and express low amounts of
a truncated protein that is unlikely to be functional (14). On the
C57BL/6J background used in this study, Dscamdel71/del17 mutants
appear relatively normal until birth, but die perinatally (16).
We found no defects inDscamdel71/del17mutants in the growth of
RGC axons toward or out of the optic disk. Labeling of all RGC
axons revealed no obvious defects in axon organization in the
retina of Dscamdel17/del17 mutants (Figs. 1C and Fig. S2A). More-
over, labeling small groups of axons demonstrated normal target-
ing and exit of RGC axons at the optic disk (Figs. 1D and Fig. S2 B
and C). Identical results were obtained using a second Dscam
mutant allele (Dscam2J) that we have confirmed to be protein-null
(14) (Fig. S3A). These findings demonstrate that DSCAM is not
essential for the netrin-dependent process of exiting the eye, in
agreement with previous analyses of mice carrying a targeted null
mutation in Dscam (Dscam−/−) that failed to identify a critical
requirement for DSCAM in the netrin-induced outgrowth and
guidance of spinal commissural axons (11).
Evidence that DSCAM is a netrin-1 receptor has come from
binding studies and temporal disruption of DSCAM function
using siRNA-knockdown and dominant-negative constructs (8, 9).
Studies of other putative netrin-signaling components also have
found functional differences following acute pharmacologic- or
siRNA-induced knockdown compared with genetic loss of function
(17, 18). Thus, future studies may examine whether netrin-signaling
is exquisitely sensitive to acute down-regulation of potentially re-
dundant proteins or can compensate for the longer-term loss of
signaling components that occurs in genetic null mutants. However,
redundancy of DSCAM with DCC, a known netrin-1 receptor, has
been excluded, at least for spinal commissural neurons (11).
More RGC Axons Are Present at the Optic Chiasm of Dscam Mutants,
but Growth Toward Visual Targets Is Impaired. Because DSCAM
has been well characterized as a homophilic binding molecule
(19, 20) and is expressed both by RGCs and bordering the de-
veloping optic pathway, we next asked whether DSCAM regulates
RGC growth from the eye toward visual brain targets. The number
of RGCs is significantly increased in postnatal Dscamdel17/del17
retinas (5). Quantitation revealed a significant increase in RGCs
also at embryonic stages (Fig. S4 A–C), likely driven by increased
cell production (Fig. S4 A, B, and D) rather than reduced cell
death (Fig. S4 A, B, and E). Associated with this increase in RGC
number, was a significant increase in the number of RGC axon
bundles at the optic chiasm of Dscamdel17mutants. Following labeling
with DiI of all axons from one eye of E13.5 embryos, more than twice
as many RGC axon bundles were labeled in the ipsilateral optic
tract of E13.5 Dscamdel17/del17 mutants compared with stage-
matched littermates (Fig. 2 A and B). At later stages, the width of
the ipsilateral optic tract was increased significantly, consistent with
a sustained increase in the number of RGC axons (Fig. S5 A and
B). Similar changes in the size of the ipsilateral optic tract were
found in Dscam2J mutants (Fig. S3B). There was also a trend to-
ward an increase in the number of RGC axons projecting to the
contralateral eye in Dscamdel17/+ and Dscamdel17/del17 embryos
compared with WT littermates (Fig. S5 C–E).
Although we found that more RGC axons reached the optic
chiasm of Dscamdel17/del17 mutants, extension of these axons into
the dorsal thalamus was severely impaired. In the same DiI-labeled
embryos used for the chiasm studies, the ipsilateral optic tracts
were significantly shorter inDscamdel17/del17mutants compared with
stage-matched WT littermates at all ages examined (Fig. 2 C and
D). The number of RGC axon bundles in the ipsilateral dorsal
thalamus was also decreased significantly (Fig. 2 E and F). The
length of the contralateral optic tract of Dscamdel17/del17 mutants
was not significantly different compared with WT (Fig. S5 F and
G), but from E16.5, the number of RGC axon bundles in the
contralateral dorsal thalamus was decreased significantly (Fig. 2 G
and H). A reduced number of RGC axons in the dorsal thalamus
was also found in E16.5 Dscam2J mutants (Fig. S3C). Retrograde
labeling of RGCs by placing small crystals of DiI into a consistent
site in the dorsal thalamus on one side confirmed that fewer RGC
axons reached the dorsal thalamus of Dscamdel17/del17 embryos
compared with WT littermates (Fig. S6). Because the same em-
bryos were used for the analyses of the optic chiasm and tract and
more RGC axons were present at the optic chiasm (Fig. 2 A and
B), we consider it highly unlikely that a labeling problem or delay in
RGC axonogenesis underlies the stunted appearance of the ipsi-
lateral optic tract in Dscamdel17 mutant embryos. The similar
Fig. 1. DSCAM is expressed by retinal axons and along the developing optic pathway, but is not essential for intraretinal axon pathfinding. (A) Double
immunofluorescent staining of cultured P0 retinal neurons with antibodies against DSCAM (green) or neurofilaments (red). (Right) Boxed region shown at
higher power. The white arrowhead indicates the growth cone. (B) In situ hybridization for Dscam on horizontal and coronal sections through the ventral
diencephalon of E12.5 WT embryos. on, optic nerve; asterisk, presumptive chiasm; black arrowheads, presumptive optic tracts. (C) Flat-mounted E15.5 WT
retina stained with antibodies against neuron-specific β-tubulin to label all retinal axons. The box indicates the region in which confocal images through the
optic fiber layer were captured in E15.5 Dscam+/+ and Dscamdel17/del17 retinas (Right). (D) Schematic illustration of the method used to label small groups of
RGC axons and images of labeled RGC axons in dorsal retina of E15.5 Dscamdel17/del17 WT and mutants. Circles indicate the position of the optic disk. D, dorsal;
N, nasal; OD, optic disk; T, temporal; V, ventral. (Scale bars: 200 μm.)
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lengths of the contralateral tracts in Dscamdel17/del17 mutants and
WT littermates (Fig. S5 F and G) also was inconsistent with a
developmental delay or significant reduction in brain size in the
mutants. The morphology and patterning of the ventral di-
encephalon of the mutants also appeared relatively normal. The
organization of the SSEA-1–positive neurons located posterior to
the chiasm and RC2-positive radial glia (21) was similar in
Dscamdel17/del17 mutants and WT littermates (Fig. S7A). The ex-
pression of ephrinB2, Vegfa, and Nrcam, important for the di-
vergent growth of RGC axons at the chiasm midline (22–24), and
Slit1, which helps keep RGC axons from straying from their normal
pathway (25), also appeared similar in WT and mutants (Fig. S7B).
Taken together, these findings are consistent with a role for
DSCAM in promoting the growth or guidance of RGC axons
through the optic tracts.
DSCAM Is Required for Growth and Fasciculation, but Not Guidance, of
RGC Axons. Imaging of the optic tracts in whole mounts or sections
revealed no significant defects in the path followed by RGC axons
as they extended through the optic tracts (Fig. 3A). A small
number of RGC axons in the optic tracts of Dscamdel17/del17 mu-
tants projected orthogonally to the normal direction of growth
(Fig. 3A). At the optic chiasm, we also found small numbers of
RGC axons that had strayed from their normal path in the optic
nerve, anterior to the optic chiasm and the proximal optic tract
(Fig. 2A). However, the small number of these aberrant axons
does not likely account for the substantial reduction in RGC axons
reaching the dorsal thalamus.
Straying of axons in the optic nerve, chiasm, and tract of mice
lacking Secreted frizzled-related proteins (Sfrp1−/− and Sfrp2−/−)
has been attributed, at least in part, to changes in axon fascicu-
lation (26). To test whether DSCAM modulates RGC axon fas-
ciculation, we determined the mean axon bundle width from
cultured E14.5Dscamdel17/del17mutant orWT retinal explants (Fig.
3 B and C). A similar approach has been used to investigate the
role of Sfrps (26) and Slit/Robo signaling (27) in modulating axon
fasciculation. Axon bundles from Dscamdel17/del17 retinal explants
were significantly thinner than axon bundles from WT explants,
and this was true for both presumptive ipsilaterally and con-
tralaterally projecting axons (Fig. 3 B and C). These findings are
consistent with a role for DSCAM in promoting RGC axon fas-
ciculation, and suggest that disrupted axon fasciculation contrib-
utes to the straying of RGC axons in Dscamdel17/del17 mutants.
Although we cannot exclude the possibility that the significant
increase in RGC number contributes to the disorganized appear-
ance of the optic pathway in Dscamdel17/del17 mutants, we consider
this unlikely. Mice with defective naturally occurring cell death do
not exhibit an increase in RGC number embryonically (Fig. S8 A
and B) (28); however, there is a natural, bimodal variation in RGC
number in different strains of mice (29) driven by differences in
RGC production (30). No significant differences in chiasm orga-
nization in mice on different genetic backgrounds have been
reported, however (22, 23, 25, 31, 32) (Fig. S8C). Moreover, fas-
ciculation defects of RGC dendrites in Dscam mutants can occur
independently of increased cell number (6).
We considered the possibility that RGC axons fail to reach the
dorsal thalamus because they stall along the optic tracts; however,
we found no evidence for accumulation of growth cones within the
optic tracts (Figs. 2 E and G and 3A). Moreover, comparison of
the length of the ipsilateral optic tract and number of axon bun-
dles within the ipsilateral dorsal thalamus at different ages dem-
onstrated that RGC axons continued to grow in Dscam mutants
(Fig. 2 D and F) and ultimately reached their targets (Fig. S9)
(33). These findings are consistent with DSCAM providing per-
missive, but not guidance, signals that promote extension of RGC
axons from, but not toward, the optic chiasm.
A similar, spatially restricted requirement for DSCAM in pro-
moting axon extension has been reported for Drosophila mecha-
nosensory neurons. In the absence of Dscam1, mechanosensory
neurons grow normally into the CNS, but then extension is se-
verely impaired (34). The differential requirement for DSCAM in
growth of RGC axons toward and away from the optic chiasm may
reflect redundancy with other signals that promote the growth of
RGC axons toward the optic chiasm, or a switch in growth cone
sensitivity. Further experiments are needed to distinguish between
these possibilities.
Morphology of RGC Axon Growth Cones Is Altered in Dscamdel17/del17
Mutants. In Drosophila Dscam1 mutants, the impaired extension
of mechanosensory axons is associated with changes in growth
cone morphology. Growth cones of mutant axons are less complex
and have abnormally dense and short filopodia compared with WT
axons (35). Analysis of growth cone morphology in the optic tracts
of E14.5 Dscamdel17/del17 mutants and WT littermates revealed a
similar loss of growth cone complexity in the mutants (Fig. 3 D and
E). Growth cones were characterized as having either a simple,
torpedo-like morphology (longer than wide, with few filopodia) or
Fig. 2. RGC axon growth through the optic tracts is impaired in Dscam
mutants. (A, C, E, and G) Whole-mount views of anterograde DiI-labeled RGC
axons in the optic nerve (on), optic chiasm (oc), and proximal contralateral
(otc) and ipsilateral (oti) optic tracts of E13.5 Dscam
del17 WT and mutant
littermates (A) and in the ipsilateral optic tracts (C) and ipsilateral and
contralateral dorsal thalamus (E and G) of E16.5 Dscamdel17 WT and mutant
littermates. The boxed region in A indicates the region of the ipsilateral
optic tract shown at higher power in the lower panels. White arrows indicate
defasciculated axons in the optic nerve; open arrowheads, straying axons.
(A) Ventral views. (C, E, and G) Side views following removal of the cortex.
(B, D, F, and H) Mean ± SEM number of axon bundles in the ipsilateral optic
tract of E13.5 Dscamdel17 WT and mutant (del17) littermates (B), and ipsi-
lateral optic tract length (D) and number of axon bundles in the ipsilateral
(F) and contralateral (H) dorsal thalamus (dTh) of E14.5–E17.5 Dscamdel17 WT
and mutant littermates. Analyses were performed blinded to genotype.
Numbers on bars indicate the numbers analyzed. *P < 0.05; **P < 0.01; ***P <
0.001; ns, not significant. (Scale bars: 250 μm.)
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splayed morphology (wider than long with several filopodia;
Fig. 3D). In both the ipsilateral and contralateral optic tract
of Dscamdel17/del17 mutants, a greater percentage of growth
cones had simple morphologies compared with WT littermates
(Fig. 3E). Both in vitro and in vivo reductions in the number of
growth cone filopodia decrease the rate of axon outgrowth (36, 37);
thus, the reductions in growth cone complexity in Dscam mutants
may contribute directly to the reduced axon extension in the murine
optic tract.
DSCAM Promotes RGC Axon Outgrowth in Vitro. Because axon–axon
interactions play an important role in controlling the rate of
growth along the developing optic pathway (38), defasciculation
could underlie the reduced growth of RGC axons in the absence
of DSCAM. Alternatively, DSCAM expressed along the optic
pathway may act directly on the RGC growth cones to increase the
rate of axon extension. These possible mechanisms are not mu-
tually exclusive and could act together to determine the overall
rate of axon outgrowth. To test whether DSCAM provides growth-
promoting signals to RGC axons, we cultured E14.5 retinal ex-
plants in collagen gels seeded with control or DSCAM-producing
cells. In this assay, RGC axons grow among the cells that are
dispersed throughout the collagen. Culturing ofDscam+/+ explants
with DSCAM-producing cells induced a significant increase in the
extent of axon outgrowth of both presumptive ipsilateral (ven-
trotemporal) and contralateral (dorsotemporal) RGCs compared
with cultures containing control cells (Fig. 4 A and B).
We next asked whether DSCAM is required in RGC axons, as
well as the environment, for promotion of axon outgrowth. In the
presence of control cells, the extent of axon outgrowth from WT
and Dscamdel17/del17 mutant retinal explants was similar (Fig. 4
A–D); however, in cultures containingDscamdel17/del17 retinal explants,
the growth-promoting effect of the DSCAM-producing cells was
abrogated completely (Fig. 4 C and D). We conclude that
DSCAM is a potent promoter of RGC axon outgrowth and is
required in both RGC axons and the environment for enhanced
axon growth, consistent with a homotypic mode of action. The
growth-promoting effect of DSCAM occurs not simply from the
addition of large adhesion molecules to the cultures; culturing
E14.5 WT retinal explants in collagen gels seeded with cells
producing the highly related molecule DSCAML1 (15) had no
effect on RGC axon outgrowth (Fig. 4 E and F).
DSCAM is constitutively cleaved from transfected cells and the
N-terminal portion shed into the medium (14). This raises the
possibility that DSCAM may promote RGC axon outgrowth in-
dependently of direct contact with expressing cells. To test this idea,
we coculturedWT retinal explants at a short distance (100–300 μm)
from clusters of mock- or Dscam-transfected cells. We found that
the outgrowth of both presumptive ipsilateral and contralateral
RGC axons was increased significantly from explants cultured a
Fig. 4. DSCAM promotes RGC axon outgrowth in vitro. (A, C, E, and G) Retinal
explants from E14.5WT (A, E, andG) andDscamdel17mutants (C) cultured for 24 h
in collagen gels seeded with control, Dscam-expressing cells (A and C), Dscaml1-
expressing cells (E), or 100–300 μm from clusters of control or Dscam-expressing
cells (G). Explants were fixed and stainedwith antibodies against β-tubulin (red) or
DSCAM (green). Dotted lines in G indicate the outlines of the cell clusters. Out-
growth was quantified in the area above the dashed line. (B, D, F, and H) Mean ±
SEM axon outgrowth of presumptive ipsilateral (VT) and contralateral (DT) RGCs
from WT (B, F, and H) and Dscamdel17/del17 (D) retinal explants in the presence of
control, DSCAM-producing, or DSCAML1-producing cells. The number of explants
analyzed is indicated on the bars. Data are the mean of at least four independent
experiments analyzed blinded to genotype and condition. ns, not significant; *P <
0.05; **P < 0.01; ***P < 0.001. (Scale bars: 250 μm.)
Fig. 3. DSCAM modulates RGC axon fasciculation and growth cone morphology. (A) Coronal sections at the level of the optic tracts and whole-mount views of the
ipsilateral optic tract of anterograde DiI-labeledDscamdel17WTandmutant littermates. Sections, E17.5 embryos; wholemounts, E14.5 embryos.White arrowheads indicate
straying axons. (B) E14.5 retinal explants from Dscamdel17mutant andWT littermates cultured in collagen gels for 24 h and stained with antibodies against neuron-specific
β-tubulin. (Right) Higher-magnification images of the axon bundles. (C) Mean ± SEM axon bundle width of Dscam+/+ and Dscamdel17/del17 retinal axons. Results are the
mean from four independent experiments analyzed blinded to genotype. (D) DiI-labeled simple and splayed growth cones (white arrowheads) in the ipsilateral optic tract
of E14.5 WT embryos. (E) Percentage of simple and splayed growth cones in the ipsilateral and contralateral optic tracts of E14.5 Dscamdel17mutants and WT littermates.
Analyses were performed blinded to genotype. Numbers on the bars indicate the numbers analyzed. ***P < 0.001. (Scale bars: 250 μm in A and B; 25 μm in D.)
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short distance from DSCAM-producing cell clusters compared with
explants cultured at a distance from mock-transfected cells (Fig. 4
G and H). This finding demonstrates that shed DSCAM can act
independently of direct cell–cell contact to modulate cell behavior.
In vitro, we found that DSCAM is a potent growth promoter of
both presumptive ipsilateral and contralateral RGC axons (Fig. 4 A,
B, G, and H); however, in vivo, extension of ipsilateral axons was
more severely impaired in Dscammutants (Fig. 2C–H and Fig. S5 F
and G). We considered the possibility that a loss of ipsilaterally
specified RGCs may contribute to the more severe reduction of
ipsilateral projections in Dscam mutants, but found no evidence to
support this idea. Specification of Zic2-positive ipsilaterally projec-
ting RGCs occurred normally in Dscamdel17/del17 mutants (Fig. S4F),
with a similar number of ZIC2-positive cells present in E16.5 WT
and mutant retinas (Fig. S4 G and H). Contralateral RGC axons
may be less sensitive to loss of DSCAM, owing to redundancy with
other growth-promoting signals, such as VEGF-A, that act selec-
tively on these axons (22). Alternatively, because ipsilateral axons
are selectively sensitive to repellents such as ephrin B2 (24), loss of
DSCAM may induce a greater shift toward inhibition in ipsilateral
axons. Differential interaction of DSCAM with other potential
binding partners, such as Netrin-1 and Slits (8, 9, 39), in ipsilateral
vs. contralateral axons also could contribute to the greater de-
pendency of ipsilateral axons on DSCAM for outgrowth in vivo.
DSCAM Is Required in Both RGC Exons and Their Environment for
Optimal Axon Outgrowth in Situ. To determine whether in situ
DSCAM localized to RGC axons, their environment, or both
promotes RGC axon outgrowth, we used a chimeric culture
approach adapted from a system used to study corpus cal-
losum development (40). Retinal explants from E16.5 Dscamdel17
WT and mutant littermates were cultured on coronal slices at the
level of the optic tract of embryos from the same litters, with
explants and slices combined in different genetic combinations
(Fig. 5 A–C). After 4 d, the cultures were fixed, and DiI was
used to label outgrowth from the retinal explants. In cultures of
WT retina on WT brain slices, RGC axons extended for some
distance from the cultured explants, both toward and away from
the optic chiasm (Fig. 5 B–D); however, loss of DSCAM from
the RGC axons and/or their environment induced a significant
decrease in the extent of outgrowth from the cultured explants
(Fig. 5 C and D). Thus, in cultures containing Dscamdel17/del17
retinal explants on Dscam+/+ brain slices, Dscam+/+ retinal
explants on Dscamdel17/del17 brain slices, or Dscamdel17/del17 retinal
explants on Dscamdel17/del17 brain slices, the extent of axon out-
growth from the retinal explants was decreased significantly
compared with cultures using only WT tissue (Fig. 5 C and D).
The extent of axon outgrowth from the retinal explants was sig-
nificantly less in cultures using Dscamdel17/del17 brain slices than in
cultures using only mutant retinal tissue (Fig. 5D). This could
reflect a generally less favorable environment of the mutant brain
tissue owing to a reduced number of endogenous RGC axons in
the optic tracts (Fig. 2 C–F) or to interaction of DSCAM with
heterophilic partners in the retina (39).
Fig. 5. DSCAM promotes RGC axon outgrowth in situ. (A) Schematic diagram of the culture approach. Ventrotemporal retinal explants, containing predominately
ipsilaterally projecting RGCs, and brain slices at the level of the optic tract were prepared from E16.5 Dscamdel17mutant and WT littermates. Retinal explants were
cultured on top of the brain slices in different genetic combinations. (B) Bright-field and fluorescent (DiI) images of an E16.5 WT retinal explant cultured on a WT
brain slice. (C) Manual tracing of RGC axons from Dscamdel17 WT (gray) or mutant (blue) retinal explants cultured on WT (gray) or mutant (blue) brain slices.
(D) Mean ± SEM RGC axon outgrowth from E16.5 Dscamdel17WT and mutant retinal explants cultured on brain slices from WT and mutant embryos. Numbers on
the bars indicate the numbers analyzed. Results are from five independent experiments analyzed blinded to genotype. *P < 0.05; **P < 0.01; ***P < 0.001.
Fig. 6. DSCAM gain of function promotes RGC axon outgrowth in vivo. (A, B, and E) Whole-mount views of anterograde DiI-labeled RGC axons at the optic
chiasm (A) and in the ipsilateral (B) and contralateral (E) optic tracts of E14.5 DscamGOF and WT littermates. Panels in E are composite pictures generated by
overlying in Adobe Photoshop images captured at overlapping positions along the optic tract. (C and D) Mean ± SEM optic tract length (C) and number of
axon bundles in the ipsilateral (ipsi) and contralateral (contra) dorsal thalamus (D) of E14.5 DscamGOF (GOF) and WT littermates. Analyses were performed
blinded to genotype. Numbers on the bars indicate the numbers analyzed for each genotype. ns, not significant; *P < 0.05; **P < 0.01. (Scale bars: 250 μm.)
1706 | www.pnas.org/cgi/doi/10.1073/pnas.1618606114 Bruce et al.
Dscam Gain of Function Promotes RGC Axon Growth in Vivo.We used
a gain-of-function Dscam allele (7) to investigate whether the
overexpression of DSCAM affects RGC axon outgrowth in vivo.
Anterograde DiI labeling of all axons from one eye of E14.5
DscamGOF mice and WT littermates demonstrated no significant
defects in the growth of RGC axons toward and through the
optic chiasm in the transgenic mice (Fig. 6A); however, the ip-
silateral optic tracts were significantly longer than in WT litter-
mates, with significantly more RGC axon bundles within the
dorsal thalamus (Fig. 6 B–D). In contrast, the length of the con-
tralateral optic tract and the number of axons bundles in the
contralateral dorsal thalamus were not significantly different in
DscamGOF embryos compared with WT littermates (Fig. 6 C–E).
Thus, gain-of-function experiments induced an opposite pheno-
type (exuberant growth; Fig. 6 B–D) in the ipsilateral optic tract
compared with reductions in Dscam levels (stunted growth; Fig.
2 C–F).
The timing at which RGC axons arrive in the brain correlates
with the fidelity of target selection. Early-arriving axons initially
innervate multiple targets, followed by pruning of connections to
most of these regions. In contrast, later-arriving axons innervate
a limited number of targets from the outset (41). By modulating
the timing at which RGC axons reach brain targets, DSCAM
may contribute to the specificity of brain wiring patterns. Con-
sistent with this idea, Dscam gain- and loss-of-function mutants
display defects in the eye-specific segregation or RGC axons in
the lateral geniculate nucleus (33). Axon overgrowth defects
associated with Dscam overexpression also have been demon-
strated in fragile-X syndrome (42).
Methods
The methodology used in this study is described in detail in SI Methods. In
brief, gene expression patterns and analyses of axon growth in vivo and
in vitro were performed as described previously (22, 25, 43–45). Coculture of
retina explants on brain slices was adapted from a method used to study
corpus callosum development (40). Animal experiments were performed in
accordance with UK Home Office Guidelines and approved by the University
of Aberdeen Ethical Review Committee.
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